In earlier work, we have provided direction for development of responsive drug delivery systems based on modulation of structure and amphiphilicity of bioactive peptides entrapped within pendant polyethylene oxide (PEO) brush layers. Amphiphilicity promotes retention of the peptides within the hydrophobic inner region of the PEO brush layer. In this work, we describe the effects of peptide surface density on the conformational changes caused by peptide-peptide interactions, and show that this phenomenon substantially affects the rate and extent of peptide elution from PEO brush layers. Three cationic peptides were used in this study: the arginine-rich amphiphilic peptide WLBU2, the chemically identical but scrambled peptide S-WLBU2, and the non-amphiphilic homopolymer poly-L-arginine (PLR). Circular dichroism (CD) was used to evaluate surface density effects on the structure of these peptides at uncoated (hydrophobic) and PEO-coated silica nanoparticles. UV spectroscopy and a quartz crystal microbalance with dissipation monitoring (QCM-D) were used to quantify changes in the extent of peptide elution caused by those conformational changes. For amphiphilic peptides at sufficiently high surface density, peptide-peptide interactions result in conformational changes which compromise their resistance to elution. In contrast, elution of a non-amphiphilic peptide is substantially independent of its surface density, presumably due to the absence of peptide-peptide interactions.
Introduction
In an earlier paper [1] , we used circular dichroism (CD) to evaluate the structures of poly-Larginine (PLR) and the cationic, amphiphilic peptide (CAP) WLBU2 in pendant PEO layers, as well as the reversibility of peptide location in such layers with changing solvent conditions.
Those results indicated that some minimal degree of structural order (α-helix) is necessary for peptide entry into the PEO layer, and that peptide location within the hydrophobic inner region of the PEO brush may result in a cooperative increase in α-helix content. In addition, while peptide interaction with the PEO chains resulted in entrapment and conformational change that was irreversible to elution with changing solution conditions in the case of WLBU2, the adsorption and conformational change of the non-amphiphilic PLR was reversible.
Current work underway in our laboratory features the sequential and competitive adsorption behavior of peptides, including WLBU2 and PLR, at pendant PEO brush layers. In sequential adsorption experiments it is necessary to vary surface density of the first peptide introduced to the layer in order to properly interpret its replacement by the second peptide introduced. We determined during the course of these experiments that our previous conclusion of entrapment and conformational change being irreversible to elution for the amphiphilic WLBU2 was contextual, being valid only when its surface density is sufficiently low. Our objectives with this paper are to establish an improved understanding of surface density effects on peptide elution from PEO layers, and to provide evidence of concentration-dependent, peptide-peptide interactions likely contributing to those effects. The adsorption behavior of three peptides was evaluated for this purpose, including, in addition to WLBU2 and PLR, a peptide chemically identical to WLBU2 but of scrambled sequence (S-WLBU2). WLBU2 is a synthetic, 24-residue CAP with 13 positively charged arginine residues, and 11 non-polar valine or tryptophan residues. It shows substantial promise for clinical applications, due to its wide spectrum antimicrobial activity against both Gram-negative and Gram-positive bacteria under physiological conditions [2] [3] [4] [5] [6] [7] [8] . The structure of WLBU2 in water is substantially disordered, but the peptide gains considerable secondary structure, involving segregation of its positively-charged and hydrophobic groups onto opposing faces of an α-helix, in the presence of counterions, membrane-mimetic solvents, or bacterial membranes. Moreover, WLBU2 retains its antimicrobial activity when immobilized at solid surfaces by a number of methods [2, [6] [7] [8] .
While chemically identical to WLBU2, the scrambled sequence of S-WLBU2 eliminates the ordered segregation of positively-charged and hydrophobic residues of WLBU2 during helix formation ( Figure 1) , and is associated with a very low hydrophobic moment in comparison to WLBU2 (0.1 vs. 10.7, respectively). PLR is chemically homogeneous and not amphiphilic.
When dissolved in water under neutral pH, PLR adopts a combination of random coil and extended structures (e.g. polyproline-II and 2.5 1 helix), while both WLBU2 and S-WLBU2 show a random coil structure [1, [3] [4] [5] [9] [10] [11] [12] [13] ]. An α-helical conformation can be achieved in all three peptides by addition of perchlorate ions (ClO 4 − ) [12] . Evaluation of peptide structure and elutability. Peptide secondary structure, in the presence or absence of nanoparticles, was evaluated by circular dichroism (CD) using a Jasco J-815 spectropolarimeter (Easton, MD) at 25 °C. The spectra from each of three replicates for each sample exhibited only slight (~5%) differences in signal intensity; representative spectra are thus shown throughout. The instrument was calibrated with 0.6 mg/mL D(+)-camphorsulfonic acid.
Spectra were recorded from 185 to 260 nm in 0.5 nm increments (0.1 cm path length), with 5 scans recorded and averaged in order to increase the signal-to-noise ratio. All peptide solutions were filtered (0.20 µm) prior to contact with NPs and recording of CD spectra. All spectra were blanked against peptide-free solutions.
After the CD measurements, the peptide-NP suspensions from each of three replicates were rinsed by centrifugation (10,000 rpm, 20 min) and resuspension in water; this process was repeated twice to remove excess peptide. The amount of peptide removed in each of the supernatants from the NPs was then quantified by UV spectrophotometry against the original peptide solutions at 230 nm (for PLR) or 280 nm (for WLBU2 and S-WLBU2), and the total eluted peptide calculated from this data. The UV absorbance from each of the three replicates for each sample were nearly identical, with negligible (~3%) differences in signal intensity;
representative data are shown throughout. Reproducibility of QCM-D measurements is high, typically with less than 5% variation was observed in the plateau ΔF and ΔD at each adsorption/rinse step. Representative data are shown throughout.
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Results and Discussion
Relationship between peptide surface density and peptide elution from PEO layers. Peptide concentration at PEO-coated nanoparticle surfaces was varied by altering nanoparticle concentration (from 1 to 10 mg/mL) in peptide-nanoparticle suspensions with constant peptide concentration (0.2 mg/mL). More than 95% of the dissolved peptide was entrapped in every suspension tested, corresponding to peptide surface densities ranging from about 0.02 to 0.2 molecules/nm 2 . The elutability of each peptide recorded after contact with peptide-free water is plotted against peptide surface density in Figure 2 . As shown in Figure 2 , entrapped WLBU2 showed a substantially greater concentration dependence on elution than shown by entrapped S-WLBU2 or PLR. The high resistance to elution at low peptide surface density is consistent with our earlier report and attributed to association of the amphiphilic WLBU2 with PEO chain segments in the hydrophobic inner region of the brush [1, 21, 24] . The elutability of S-WLBU2 and PLR was less strongly affected by the peptide surface density, and both were more elutable than WLBU2 at all but the highest surface density tested.
S-WLBU2, while comprised of the same amino acids and carrying the same +13 charge as WLBU2, features arginine residues alternating with valine or tryptophan to distribute the positive charge uniformly around the α-helix ( Figure 1 ). The tryptophan residues are also distributed along the full length of the peptide. S-WLBU2 was designed to have a very low hydrophobic moment, and these attributes are consistent with its elution from the PEO layer being greater than that recorded for WLBU2 at low peptide surface densities. The nonamphiphilic PLR is highly elutable from PEO layers (Figure 2 ), which is consistent with our earlier work using CD and optical waveguide lightmode spectroscopy [1] . The total absence of hydrophobic residues and the abundant positive charges on all sides of PLR lead to electrostatic repulsion among peptides within the brush, as well as making PLR highly soluble in water. In fact, the elutability of PLR is only slightly dependent on its surface density ( Figure 2 ).
WLBU2 and S-WLBU2 both exhibit substantially increased elutability at high peptide surface densities (i.e. low nanoparticle concentrations). It is fair to expect that this high elutability is due to intermolecular interactions, which interfere with the stable hydrophobic association of the individual peptides within the brush, or otherwise promote their enhanced solubility in water.
WLBU2 is highly α-helical in HClO 4 , and its entrapment in PEO is accompanied by a further increase in its helicity [1] . Upon sufficiently close approach, peptides like WLBU2 which possess an amphiphilic-segregated α-helical conformation are able to form α-helical, "coiled-coil" conformations. These structures, which are comprised of two or more intertwined α-helical chains, are stabilized through multiple interchain hydrophobic interactions [25] . For example,
Zhou et al. produced a two-stranded α-helical coiled-coil consisting of two identical 35-residue polypeptides. The peptides were designed with polar (lysine and glutamic acid) and non-polar (leucine and alanine) residues distributed on average 3.5 residues apart, in order to form facesegregated amphiphilic α-helices. These synthetic peptides spontaneously self-assembled into coiled-coil structures in physiological conditions [26, 27] . WLBU2 has a very similar distribution of polar and nonpolar residues, and is thus also expected to form α-helical coiled-coil structures at sufficiently high concentration. Such coiled-coils may consist of two or more peptides [25, 28] , and in the case of WLBU2 would likely feature a hydrophobic interior, with an exterior dominated by positively-charged arginine groups. Such a coiled-coil structure would be expected to behave very similarly to the highly cationic but non-amphiphilic PLR, in terms of its interaction with the PEO brush (shown schematically in Figure 3 ). The presumed "standing-up" peptide orientation depicted is based on steric hindrance between the WLBU2 α-helix (about 1.6 by 4.5 nm, including side chains) and the pendant PEO chains spaced ~2 nm apart. The coiledcoil conformations are even bulkier and more uniformly charged, and thus are even less likely to be able to "lie down" on the surface.
With respect to S-WLBU2, it has been shown [29, 30] that peptides with alternating hydrophobic and polar residues are able to self-assemble into stable β-sheet conformations. It is reasonable to expect that, as favorable peptide-PEO interactions which hold entrapped peptides in place give way at high surface densities to peptide-peptide associations, the peptides become more elutable as the population of coiled-coils increases. The CD spectrum of an α-helix typically exhibits a maximum at 193 nm, and two minima at 208 and 222 nm. An increase in the magnitude of ellipticity at 222 nm for a given sample is associated with an increase in α-helix content [31, 32] . Deconvolution of these CD spectra with DichroWeb [33, 34] indicate that WLBU2 in 0.2 M HClO 4 exhibits 17% α-helicity. In the presence of F108-coated nanoparticles at 1, 2, 4 and 10 mg/mL (corresponding to decreasing peptide surface densities of 0.20, 0.18, 0.14 and 0.02 molecules/nm 2 ), the helicity of WLBU2 was increased to 50, 65, 84 and 95%, respectively. The increase in helicity is due to promotion of hydrogen-bonding along the peptide backbone, which accompanies the change in microenvironment caused by location within the hydrophobic interior of the PEO layer [1, 5, 24] .
Interference with this intra-chain hydrogen-bonding by neighboring peptides is presumably responsible for the reduction in α-helix content observed at increased peptide surface densities ( Figure 4 , left panel).
While the ellipticity at 222 nm is primarily responsive to the α-helix content, the minimum at 208 nm is itself sensitive to helix-helix interactions [27, 35] . In fact, CD has been applied extensively to the study of the formation of α-helical, coiled-coil structures [35] [36] [37] [38] [39] . In particular, the ratio, R, of the ellipticities at 222 nm and 208 nm can be used to distinguish coiled-coils from single-stranded α-helices. Typically, a value of R > 1 (i.e. θ 222 nm > θ 208 nm ) is associated with coiled-coil structures, while a value of R ≤ 1 is indicative of single-stranded α-helices [35] [36] [37] [38] [39] .
WLBU2 exhibits a large amount of predominantly single-stranded α-helix structure (R = 0.93) on F108-coated nanoparticles at a surface density of 0.02 peptides/nm 2 (dashed line in Figure 4 , left panel). This suggests that at sufficiently low peptide surface density, peptides exist mainly as single α-helical molecules (Figure 3, left) . As the surface density of peptides increases, the ratio R increases to values greater than unity, indicating the formation of a substantial number of α-helical coiled-coil structures (Figure 3 , right) [36] [37] [38] [39] .
While the CD spectra of WLBU2 adsorbed at uncoated, hydrophobic nanoparticles ( Figure 4 , right panel) indicate an increase in α-helicity, especially at low peptide surface density, there is no evidence of α-helical coiled-coils, as R < 1 at all of the surface densities tested. The increase in peptide helicity is likely due to the preferential association of the non-polar Val/Trp residues with the hydrophobic surface, which promotes the segregation of polar and non-polar residues onto opposing sides of the peptide and stabilizes the α-helix [21] . Electrostatic repulsion by the positively-charged Arg residues on the solvent-exposed helix face would make formation of coiled-coil structures unfavorable, even if the peptide surface density were high. However, peptides which are entrapped within a PEO brush apparently do not directly interact with the underlying surface [23] . Thus, WLBU2 peptides entrapped in a PEO brush still form highlycharged coiled-coil structures, with low resistance to elution, at sufficiently high surface density.
Similarly to WLBU2, the CD spectra of S-WLBU2 in suspension with PEO-coated nanoparticles ( Figure 5 , left panel) indicate a substantial gain (from 17 to 89%) in α-helix content after entering the brush, when the surface density is low (0.02 peptides/nm 2 ). However, with increasing peptide surface density, the structure adopted by the peptide becomes β-sheet rather than α-helical coiled-coils. The CD spectra of peptides with β-sheet conformation usually have a single minimum between 210 and 220 nm, and a single maximum between 195 and 200 nm, and overall intensities much lower than the minima consistent with α-helices [31, 32] . Deconvolution of the spectra with DichroWeb indicate that S-WLBU2 exhibits 31% β-sheet and 53% α-helix structure at a surface density of 0.14 peptides/nm 2 , has 54% β-sheet and 16% α-helix at 0.18 peptides/nm 2 , and reaches 67% β-sheet with only negligible α-helix (3%) at 0.20 peptides/nm 2 .
The amino acid sequence of S-WLBU2 is not conducive to formation of face-segregated amphiphilic α-helices ( Figure 1) ; instead, the peptide likely extends into β-strands, isolating the alternating non-polar residues onto one side of the sheet [30] . At sufficiently high peptide surface densities, these β-strands may self-assemble into stable β-sheet structures stabilized by interchain hydrogen-bonding and hydrophobic interactions [40] . The effects of peptide concentration on the conformation of adsorbed S-WLBU2 are less obvious at uncoated, hydrophobic surfaces than at PEO-coated surfaces ( Figure 5, right panel) . While S-WLBU2 in a PEO brush was almost completely α-helical (89%) at the lowest peptide surface density (0.02 peptides/nm 2 ), the same peptide adopts a substantial β-sheet structure (30%) on the uncoated, hydrophobic surface. Interactions between the hydrophobic surface and the alternating, non-polar residues of S-WLBU2 likely result in extension of the peptide chain, thus favoring β-sheet formation on the surface. Increasing the surface density of S-WLBU2 appears only to increase the number of layers of β-sheet, as no major conformational change is associated with increasing peptide density ( Figure 5 , right panel).
Unlike WLBU2 and S-WLBU2, PLR is a non-amphiphilic homopolymer with positive charges which uniformly surround the α-helix. Accordingly, electrostatic repulsions are expected to prevent peptide-peptide interactions, even at high surface density. CD spectra show that the helicity of PLR in 0.2 M HClO 4 solution is 55%, and is increased to 65% after contact with a PEO layer (Figure 6 , left). Changes in surface density have little or no further effect on the conformation of PLR, whether on PEO-coated or uncoated hydrophobic surfaces ( Figure 6 ). The structures of WLBU2, S-WLBU2 and PLR at different peptide density in the PEO layer are summarized in Table 1 . In summary, interactions between peptide molecules within the PEO brush layer are highly dependent on the properties of the peptide, specifically amphiphilicity, distribution of polar and non-polar residues, and charge. Elution of an amphiphilic peptide from the PEO brush layer is significantly affected by its surface density, while elution of a nonamphiphilic peptide is substantially independent of surface density. This difference in elution behavior is attributed to peptide-peptide interactions in the former case and the absence of such interactions in the latter. Figure 7 shows the representative changes in resonant frequency (ΔF) and viscous dissipation (ΔD) upon adsorption and elution of peptides from F108-coated silica sensors [41, 42] . The decrease in frequency (indicative of an increase in adsorbed mass) upon introduction of WLBU2 to F108-coated sensors at a peptide concentration of 0.1 mg/mL was about three times greater than that recorded for WLBU2 at 0.005 mg/mL ( Figure 7 , top panels). Upon elution, the frequency change indicated rapid and substantially complete removal of WLBU2 from the PEO brush that had been introduced at 0.1 mg/mL. However, a much slower, and only partial, removal of WLBU2 was observed when the peptide had been introduced at 0.005 mg/mL. These results are consistent with the greater resistance to elution by peptides at low surface density within the brush observed on nanoparticles (Figure 2 ).
Modeling of the frequency and dissipation data of Figure 7 , in order to determine the adsorbed mass and effective layer viscosity, could not be performed with good certainty, as neither the Sauerbrey equation nor the Voigt model are appropriately applied in this context. The Sauerbrey equation should only be used with relatively uniform, rigid, thin films that show negligible dissipation change, while the Voigt model did not successfully calculate adsorbed mass from a simultaneous decrease in frequency and dissipation [43, 44] . Qualitatively, however, the frequency and dissipation patterns in Figure 7 (top panel) likely represent the incorporation of WLBU2 into an initially "soft" dissipative surface (i.e. a pendant PEO layer, as opposed to a solid surface), and a concomitant increase in the layer stiffness. In comparison, a decrease in layer stiffness (i.e. increased viscoelasticity) is associated with protein adsorption on a rigid surface, suggesting that the observed frequency change was not due to adsorption of WLBU2 at "bare spots" in the brush. In contrast, the changes in resonant frequency (ΔF) for S-WLBU2
indicate a rapid and nearly complete removal of the peptide, whether originally introduced at high or low concentrations ( Figure 7 , bottom panels). This suggests that elution of the scrambled peptide is much less affected by its concentration at the surface than the face-segregated α-helix formed by WLBU2. Using optical waveguide lightmode spectroscopy (OWLS), we have observed that, like S-WLBU2, the non-amphiphilic PLR remains completely elutable from a PEO brush, even at very low surface peptide density [1] .
Interestingly, the dissipation recorded during the adsorption of S-WLBU2 at high concentration decreased rapidly at first, then slowly increased ( Figure 7 , bottom left). An increase in the dissipation is associated with decreases in the stiffness of the adsorbed layer. Such a change would be consistent with a slow conformational change undergone by S-WLBU2 at the interface.
Presumably, S-WLBU2 retains the α-helix structure induced by perchlorate ion during the initial adsorption, but rearranges to a β-sheet conformation as the peptide concentration in the PEO layer becomes sufficiently high. This is also consistent with recent reports that α-helical peptide layers adsorbed on gold QCM-D sensors are more rigid than peptide layers adsorbed as β-sheets [43] . No such increase in dissipation was recorded during adsorption of S-WLBU2 at low concentration ( Figure 7 , bottom right), suggesting that there is no significant α-helix → β-sheet transition of S-WLBU2 within the PEO layer. The QCM-D results of Figure 7 are entirely consistent with the other results discussed above, and are also in agreement with the hypothesis that highly-elutable coiled-coil structures are formed at high peptide densities in the PEO brush. 
Conclusions
Elution of peptides from PEO brush layers is governed by their amphiphilicity and surface density. Peptides of high amphiphilicity can be expected to interact strongly with PEO chains after location within the layer, thus promoting their resistance to elution. However, at sufficiently high surface density, peptide-peptide interactions may result in conformational changes (e.g.
formation of coiled-coils) which can compromise this resistance to elution. In this work, WLBU2, a peptide with a face-segregated amphiphilic α-helical structure, was observed to form α-helices and coiled-coils, while the amphiphilic peptide (S-WLBU2) with a more uniform charge distribution formed β-sheets. These conformational changes (from α-helix to coiled-coil and β-sheet) increased the elutability of WLBU2 and S-WLBU2, presumably by reducing the amphiphilic character of the resulting complex. In contrast, the non-amphiphilic peptide (PLR)
showed no substantial change in structure or elutability with increasing peptide surface density.
Entrapment of bioactive peptides within otherwise non-fouling PEO brush layers holds promise for contributing to development of responsive drug delivery systems. These results will inform research efforts focused on the sequential and competitive adsorption and release of such peptides at PEO layers. They will also be valuable for development of systems to control the rate and extent of therapeutic peptide release from PEO layers, based on modulation of their amphiphilicity and surface density.
